The effects of pressure wave reflection have been incompletely described by the central augmentation index (cAI) and augmented pressure (Pa). We therefore investigated the determinants of amplitude of the reflected wave (Pb), which is independent of the reflected wave transit time (RWTT) and has been shown to predict cardiovascular mortality in the general population. A total of 180 (117 men, mean age 68 years old) patients were recruited. Carotid pressure waveforms derived by tonometry at baseline and 3 min after administration of sublingual nitroglycerin (NTG) were calibrated and then decomposed into the forward and backward waves to yield Pb. The ratio of pre-ejection period/ejection time (PEP/ET) was measured. By stepwise multivariate analysis, independent determinants of Pb included brachial mean blood pressure (b ¼ 0.56, Po0.001), heart rate (b ¼ À0.29, Po0.001), age (b ¼ 0.20, Po0.001), PEP/ET (b ¼ À0.16, P ¼ 0.004) and height (b ¼ À0.13, P ¼ 0.018). RWTT, body mass index and sex were significant independent determinants of Pa and cAI but did not contribute to Pb. Change of Pb but not Pa or cAI significantly predicted the changes of carotid systolic (r ¼ 0.550, Po0.001) and pulse pressure (r ¼ 0.618, Po0.001) after NTG. In conclusion, determinants of Pb differ from those of cAI and Pa. Pb is independent of sex and RWTT.
Introduction
Pressure wave generated by the left ventricle propagates along the arterial tree with manifested phenomena of reflection, dispersion and attenuation. 1, 2 The backward traveling reflection waves from peripheral reflection sites superimpose on the forward traveling wave to form the varying pressure waveforms recorded at central and peripheral arteries. 1, 3 Thus, wave reflection dominates agerelated change in aortic blood pressure throughout the human life span, and increased wave reflection contributes significantly to left ventricular afterload, coronary perfusion and cardiovascular risk. 1, 4 The intensity of global wave reflection has conventionally been estimated from the analysis of central aortic or carotid pressure waveforms and from the calculation of the augmentation index (cAI), based on the concept of augmentation of central aortic systolic pressure (SBP) by a summated reflected wave. 1, 3 However, the impacts of wave reflection on central pulse pressure (PP), 5 central aortic pressure waveform, 2 target organ damages and cardiovascular events may have been underestimated when cAI or augmented pressure (Pa) is used as a surrogate of the wave reflection intensity, 6 probably because cAI is dependent of the reflected wave transit time (RWTT) and sex, 3, 7, 8 and is principally determined by aortic reservoir function, other elastic arteries and only to a minor extent by reflected waves, 9 and may be dissociated with arterial stiffness measured by the aortic pulse wave velocity. 10, 11 The absolute amplitude (Pb) of the reflected pressure wave decomposed from a central aortic or carotid pressure waveform is independent of RWTT and may be a better measure of wave reflection intensity than cAI or Pa. 6, 8 Because of the limitations of cAI and Pa, our current understanding about the determinants of wave reflection has been incomplete. 3, 10 Furthermore, it remains to be determined whether cAI and Pa adequately quantify the change of wave reflection intensity after pharmacological intervention such as nitroglycerin (NTG). This is important because cAI has long been used as a surrogate end point in the evaluation of antihypertensive therapy. 12, 13 The effect of NTG on wave reflection has long been recognized, and any indices of wave reflection intensity should demonstrate adequate responses to NTG. 14, 15 Therefore, the purpose of this study was to investigate the determinants of Pb and the response of Pb to the administration of a sublingual NTG.
Subjects and methods

Subjects
Subjects were recruited from an outpatient department of cardiovascular division at the Taipei Veteran General Hospital between September 2007 and November 2009. All subjects had signed a consent form approved by our institutional review board. Anthropometric measures, including height, body weight, waist circumference and body mass index (BMI), as well as other conventional cardiovascular risk factors, such as hypertension, diabetes mellitus, dyslipidemia and smoking with related medication were collected. Patients who had brachial blood pressure lower than 90 mm Hg or intolerant to NTG were excluded. For patients' safety, medications were not adjusted before the study and were continued on the day of the study.
Data collection
Subjects were studied under supine resting position in a quiet, temperature-controlled room. Measurements were carried out after at least 15-min supine rest. We used a commercially available device (VP-2000, Colin Corporation, Komaki, Japan) that was customized to output all physiological signals, including electrocardiogram, phonocardiogram, oscillometric signals from arms and ankles, and tonometric signals from right common carotid and femoral artery. All signals were recorded and digitized simultaneously for off-line analysis. The validity and reproducibility of the device have been documented before. 16 Brachial blood pressure was obtained by oscillometric technique in the supine position (means of two measurements). Carotid arterial pressure waveforms were stored for 30 s from applanation tonometric sensors. Bilateral brachial and posterior-tibial arterial pulse volume recording waveforms were stored for 10 s by extremities cuffs connected to a plethysmographic sensor and an oscillometric pressure sensor wrapped on both arms and ankles. Brachial-ankle pulse wave velocity was calculated by the simultaneously digitized tonometric and pulse volume recording waveforms with customized software.
Details of the measurement have been reported previously. 17 The higher between right and left brachial-ankle pulse wave velocity was selected as the representative brachial-ankle pulse wave velocity. The carotid ejection time (ET) was automatically measured from the foot to the dicrotic notch (incisura, produced by the closure of aortic valve) of carotid waveform. Electromechanical systolic interval was measured from the onset of the QRS complex on the electrocardiogram to the first highfrequency vibrations of the aortic component of the second heart sound on the phonocardiogram. The carotid pre-ejection period (PEP) was automatically calculated by subtracting the ET from the systolic interval.
Sublingual NTG administration
After baseline measurements, 0.4 mg sublingual NTG was given. The same process was repeated 3 min after sublingual NTG.
Carotid pressure waveform analysis
The digitized carotid pressure waveform signals were analyzed using the custom-designed software on a commercial software package (Matlab, version 4.2, The MathWorks Inc., Natick, MA, USA). All of the processed individual signals were subjected to fully automatic batch analysis to avoid inter-and intraobserver variations. A total of 5-10 consecutive carotid pressure waves were ensemble averaged to 1 wave. The averaged carotid pressure waveform was then calibrated using mean and diastolic brachial pressure levels measured in the supine position. Carotid SBP, PP, RWTT, Pa (the difference between early and late pressure peaks) and cAI (Pa divided by carotid pulse pressure) were calculated automatically by waveform analysis. Then the pressure waveform was decomposed into forward pressure wave and reflected pressure wave using the triangulation flow method, and the absolute amplitudes of the forward (Pf) and the backward (Pb) were measured, respectively ( Figure 1 ). Details of the waveform decomposition process have been described elsewhere. 6, 18 Pf and Pb (before and after NTG) calculated by using the triangular-shaped flow wave have been compared with those calculated by using the true aortic flow wave derived from Doppler echocardiography in another 20 subjects in our laboratory. The mean differences and standard deviations between Pf and the reference were -0.8 ± 2.0 mm Hg and 1.7 ± 2.4, before and after NTG, respectively. The mean differences and s.d.s between Pb and the reference were -0.1 ± 1.1 mm Hg and À0.9 ± 1.1, before and after NTG, respectively. (See Supplementary Figure S1 )
Statistical analysis
Statistical analysis was performed using SPSS software (Version 16.0, SPSS Inc., Chicago, IL, USA).
All data were expressed as proportions or means and s.d.s. Pearson correlation coefficients were calculated. Simple and multiple linear regression analyses were used to assess the determinants for Pb, Pa and cAI. Statistical significance was established at two-tailed Po0.05.
Results
A total of 180 study subjects (117 men, mean age 68 ± 14 years old) were recruited. Their clinical characteristics and hemodynamic parameters are given in Table 1 . Table 2 shows the correlation of demographic and hemodynamic parameters with Pb, Pa and cAI. In summary, Pb, Pa and cAI correlated significantly with age, all blood pressure variables, heart rate, height and PEP/ET. In contrast, Pa and cAI but not Pb correlated significantly with sex, BMI and waist circumference. In addition, Pb and Pa but not cAI correlated significantly with brachial-ankle pulse wave velocity. Table 3 displays the independent determinants of Pb, Pa and cAI, which were obtained by forward stepwise multiple linear regression. The independent determinants of Pb included brachial mean blood pressure (b ¼ 0.56, Po0.001), heart rate (b ¼ À0.29, Po0.001), age (b ¼ 0.20, Po0.001), PEP/ET (b ¼ À0.16, P ¼ 0.004) and height (b ¼ À0.13, P ¼ 0.018). RWTT, BMI and sex were significant determinants of Pa and cAI but did not contribute to Pb. Body height was a significant correlate of Pb, Pa and cAI. However, the contribution of height to the total model variance was small for Pb (R 2 increment with the addition of the variable to the model: Pb, 2%; Pa, 5%; and cAI, 6%).
After the administration of a sublingual NTG, change of Pb significantly predicted the change of carotid SBP (r ¼ 0.550, Po0.001) and carotid PP (r ¼ 0.618, Po0.001) (Figures 2a and d) . By contrast, change of Pa did not correlate with change of carotid (Figures 2b and e) . There was no correlation between changes in carotid SBP and cAI (Figure 2c ).
Discussion
In the present study, we demonstrated that Pb was independent of RWTT. In contrast, RWTT had a great influence on Pa and cAI. The significant independent determinants of Pb were mean blood pressure, heart rate, age, PEP/ET and height. In comparison with Pa and cAI, Pb had no gender difference and was less influenced by body size (BMI, height and waist circumstance). Furthermore, only change of Pb correlated with changes of central SBP and PP after NTG. These findings support that Pb is a better measure of wave reflection intensity than Pa and cAI.
Determinants of cAI and Pa
The factors influencing cAI and Pa identified by using multiple regression analysis usually include age, sex, mean blood pressure, height, heart rate and RWTT. 7, 19, 20 The association of age and cAI is nonlinear. 6, 7, 20 cAI increases little after the age of 60 years and may thus underestimate the change of vascular property due to aging. 3 Females generally have higher cAI than males even after accounting for height. 7, 19, 20 It has been recognized that RWTT does not correspond with the timing obtained by wave separation analysis, based on measurement of pressure and flow. 8 Although the association of age and Pa may be linear, 6, 7 we have shown that it remains non-linear in females. 6 On the other hand, the effect of left ventricular contractility on cAI remains controversial. 3 
Determinants of Pb
Myogenic tone is an intrinsic property of vascular smooth muscle cells and a crucial component of autoregulation of the coronary and peripheral microcirculations. An increase in intraluminal pressure may induce vasoconstriction in muscular arteries and arterioles, a phenomenon called the myogenic response. 21 Elevated mean blood pressure enhances wave reflection probably through the increased myogenic tone and the impedance mismatch at the major reflecting sites due to reduction of lumen diameter and stiffening of arterial wall. 22 Heart rate was inversely related to Pb, Pa and cAI with similar partial R 2 changes (Pb: 13%, Pa: 12% and cAI: 10%). These findings support that pressure wave reflection is significantly influenced by heart rate. 23, 24 With increasing heart rate, less reflected waves may arrive in systole. The strong and significant inverse relationship between heart rate and Pb suggests that the major impact of heart rate on central hemodynamics is through its effect on the Abbreviations: baPWV, brachial-ankle pulse wave velocity; BMI, body mass index; cAI, central augmentation index; DBP-B, brachial diastolic blood pressure; ET, ejection time; HR, heart rate; MBP-B, brachial mean blood pressure; Pa, augmented pressure; Pb, amplitude of reflected pressure wave; PEP, pre-ejection period; PEP/ET, ratio of PEP to ET; PP-C, carotid pulse pressure; RWTT, reflected wave transit time; SBP-B, brachial systolic blood pressure; SBP-C, carotid systolic blood pressure. Abbreviations: b, standardized regression coefficient; BMI, body mass index; cAI, central augmentation index; ET, ejection time; HR, heart rate; MBP, mean brachial blood pressure; Pa, augmented pressure; Pb, amplitude of reflected pressure; PEP, pre-ejection period; PEP/ET, ratio of PEP to ET; RWTT, reflected wave transit time.
reflected pressure wave, rather than on the incident pressure wave. 23 The systolic time interval, including PEP, ET and their ratio (PEP/ET), is one of the established non-invasive techniques for the quantitative assessment of cardiac performance. 25 We have shown that PEP/ET is useful in the assessment of ventriculoarterial coupling in patients with heart failure. 26 Low PEP/ET indicates good left ventricular function and optimal status of ventricular-arterial coupling, and is associated with increased forward and the corresponding backward (Pb) pressure wave amplitudes. However, the associations of PEP/ET with Pa and cAI were not significant in the multivariate analyses.
Aging causes degeneration of the arterial medial wall and progressive stiffening of large elastic arteries, whereas peripheral muscular arteries and arterioles are only minimally affected. However, aging may impair the vasomotor function of the peripheral small arteries, which would change the impendence properties and increase the intensity of wave reflection. 27 Our study showed that age may contribute more to the transit time-independent Pb than to the transit time-dependent Pa and cAI, suggesting that aging predominately increases the intensity of wave reflection instead of facilitating the early return of the reflected wave.
Height is explained up to 5% of Pa variance and 6% of cAI variance, and only 2% of Pb variance in the multivariate analysis. The contribution of height to Pa and cAI in the multivariate models was probably underestimated because RWTT was included. RWTT was influenced by wave speed, distance of travel and the time shift at the reflection site. 28 Decreased height is associated with decreased wave traveling distance and results in early return of the reflected wave in systole. Because the transit time-independent Pb also correlated with height and other mechanisms, such as more dispersion of the reflection sites in taller people, may be involved in the relations between height and wave reflection. 2 
NTG effect
Sublingual NTG dilates peripheral muscular arteries and prearterioles with the reduction of the myogenic tone and wave reflection, which leads to decreased aortic and left ventricular SBP levels. [29] [30] [31] In our study, only the change of Pb significantly predicted the change of central SBP and PP after sublingual NTG. The changes of Pa and cAI after NTG would be influenced by changes other than the magnitude of reflected pressure wave, such as decreased large artery stiffness and increased RWTT. These results further support the advantage of Pb over Pa or cAI as a measure of wave reflection intensity.
Sex dependency of wave reflection cAI has consistently been higher in women than in men, even after adjustment for differences in height. 19, 32, 33 However, because central aortic SBP and PP increase linearly with age, 7 and the reflected wave dominates age-related changes in aortic SBP and PP across the human lifespan in men and Determinants of wave reflection intensity C-F Liao et al women, 4 an absolute amplitude of wave reflection intensity would be expected to show a linear relationship with age without a sex difference. 6 In fact, cAI was only modestly correlated with the reflection coefficient calculated from the input impedance, which was shown to be independent of sex. 32 Furthermore, we have shown that Pb but not cAI or Pa was independently associated with long-term cardiovascular mortality, regardless of sex. 6 Therefore, although only 35% were female in the present study, the results that cAI and Pa but not Pb were significantly dependent upon sex in both the univariate and multivariate analyses support that wave reflection is not higher in women than in men. 32 
Study limitations
Pb was estimated by the triangulation method in the present study. The triangular wave shape assumed for the flow may differ from the actual flow wave shape. Most of our study subjects were hypertensive patients. Therefore, the findings in this present study may not be generalizable to the general population. Although our patients continued their medications on the day of the study that might have exerted an influence on wave reflections, the conclusion may still be valid because the determinants of cAI demonstrated in the present study were consistent with previous studies.
Endothelial dysfunction plays a crucial role in the process of atherosclerosis and may be a possible mechanism for an increased wave reflection. 34 Endothelial function was shown to be inversely associated with cAI and, therefore, cAI may be considered as an indicator of endothelial function. 35 However, the relationship between endothelial function and Pb was not assessed in the present study. It remains to be demonstrated in the future studies that whether Pb is a better indicator of endothelial function than cAI.
